What is the ideal future for sedimentary field geology? What if you could access all the original data for work that had been done on an outcrop, or even on the region at any spatial scale? What about accessing all the work done in allied fields (structural geology, geophysics, etc.) on that area or site? How about clicking a button and having any scientific paper that used data from the specific outcrop be immediately accessible? Web search engines, GPS, and visualization platforms, such as Google Earth, have certainly changed the way we find and locate information, but technology is on the cusp of being able to help us do so much more. Earth science combined with cyberinfrastructure can empower breakthroughs to allow us to meet the challenges of our science in transformative ways.
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New technologies can help the field sedimentologist in two different but fundamentally important ways. First, they can completely change how we conduct fieldwork. Imagine being in the field with a new generation smart notebook or phone (with a very long battery life) that can sit in your pocket and automatically locate where you are. You can start talking about your observations while a voice-activated program records and conveniently puts your verbalized thoughts into a digital field system that can be easily queried while in the field and later accessed from any device or computer. Hands would be free to take samples and photos. It would be easy to click on your locality with the GPS coordinates or a map, and have access to any geological information related to that spot with the ability to zoom across multiple scales. This information includes maps, cross sections, stratigraphy, subsurface data, paleontological identifications, photos, sample information, age dating, mineral analyses, microscopic images, and other types of sample-based data. Interoperability and open data sharing would allow digital manipulations, comparisons, or visualizations across multiple data sets in the office or as you sit on the outcrop.
Second, technology can completely change what we work on in the field. What we choose to measure in the field is generally a result of what one person can carry and do with a paper notebook. When that limitation is removed -and one has direct access to the details of prior research, or assistance from airborne robotic scouts -one can start to pose new and different questions. Having access to more information in an interactive way might: a) change how much time we might spend at an outcrop, b) direct what kind or level of data or observations we would look for, and c) influence what we might sample. In short, it might help us prioritize fieldwork and data collection so as to maximize its scientific impact. Moreover, if previous research and metadata were automatically pushed to your device while in the field, it might be possible to generate hypotheses that are not otherwise formulated until a large amount of work has already been done. Interacting with what is known as we make new observations is not only time-saving, but would increase our knowledge base, and its discoverability, almost instantly.
Advanced Cyberinfrastructure (ACI) and the Geosciences Directorate (GEO). The goal of EarthCube is to catalyze basic geoscience research, and maximize return on data acquisition and data repository infrastructure investments, by leveraging advances in information science and technology (Richard et al., 2014) . In the formative governance stage to shape the community processes, EarthCube teams and leaders have articulated strategic visions and roadmaps for the future (www.earthcube.org). EarthCube's Council for Data Facilities serves in a coordinating role for existing and emerging geoscience data facilities having significant federal funding. In the initial conceptualization stage, many of the geoscience subdisciplines including the sedimentary community (Chan and Budd, 2013) held EarthCube workshops to discuss discipline-specific needs and priorities. Other field subdisciplines, such as the structure-tectonics, geochronology, and paleobiology communities expressed similar needs (all community EarthCube reports are at: earthcube. org/type-document/workshop-reports).
NSF is currently funding pilot projects (Gil et al. 2014 ) called building blocks (BBs) and research coordination networks (RCNs) to lead up to an implementation stage for EarthCube components. Paleobiologists have already organized and built on the momentum of a number of existing data repositories (e.g., Neotoma and the Paleobiology Database), and these are now coordinating development and community organization activities more closely than ever as a result of EarthCube. However, the two subdisciplines of sedimentary geology and structure/tectonics typically collect individual, personalized data in field notebooks and currently have no major shared data repositories. But, even this is changing. The structural geology and tectonics community is currently developing a data system for inputting field data (named Strabo). Sedimentary field geologists must also figure out a way to get our data into a digital format or our data will simply be ignored. Our data are critical to establishing an environmental and temporal framework for many other Earth science subdisciplines. Certainly, one way forward is for these field-based disciplines with similar needs to partner together to create field observation data repositories. Collectively, we will be able to do revolutionary types of data analysis once we have a comprehensive pathway for field geology data that spans data collection, data integration and analysis, and data publication in sustainable repositories (Fig. 1) .
For an effort like EarthCube to succeed, the social hurdles of bringing scientists and technologists together must be overcome. Communication and collaboration are important to unite the diverse stakeholders involved in EarthCube. The cyber community has a strong interest in working with geosciences data (see Gil and Pierce 2015) . A fast growing group with a similar vision to use cyber technology for Earth science problems is the Federation of Earth Science Information Partners (ESIP Federation) -an open, networked community that aims to bring together science, data and information technology practitioners. While ESIP addresses some Earth science research, it does not yet reach into all of the geoscience disciplines.
To get the best outcomes for the Earth sciences, it is critical that scientists communicate and work with the information system specialists who will design products that reflect how scientists collect and ultimately use their data. An EarthCube RCN for field science fostered interdisciplinary communications and field-oriented exchange between scientists and technologists, and revealed the need for more comprehensive field hardware and software, standardization efforts for field metadata, and comprehensive data repositories for field data (Mookerjee et al. 2015a, b) . A critical message is that scientists need to be heavily involved in the articulation of needs and in the design of technology so that the cybertools are developed to meet scientists' requirements, as opposed to scientists being expected to adapt to new technologies that do not fit the way we conduct science.
GLOBAL OPEN DATA SHARING
In our virtual world, we want to go to our computers and have instant access to all known information. That goal is achievable if we can start to archive data in revolutionary ways, akin to digital books, but with deeper levels of contextualization and machine understanding of the contents of those documents. We could access not only past journal articles, but past data tables as well without having to laboriously hand type in the data ourselves. GeoDeepDive (geodeepdive. org) is an EarthCube building block project focusing on building that type of reliable, scalable infrastructure to support geoscientists, and other disciplines. The approach is to find and extract data and information that are currently buried in the text, tables, and figures of published articles and reports. Early work by this team suggests that machine-reading approaches to knowledge-base creation can produce useful databases with quality rivaling that of human experts (Peters et al. 2014) , but access to documents remains a critical challenge due to existing publisher licensing agreements and other basic access limitations. These challenges are slowly being overcome, and to date, the GeoDeepDive team has been working with Elsevier, AGU and Wiley, and the USGS to incorporate their content. The current library consists of nearly 800,000 documents and is growing in size at a rapid clip. The data in these documents are sometimes called dark data, and to help bring dark data to light, GeoDeepDive pre-processes all documents using a variety of software tools, including natural language parsing (NLP) and document layout-focused optical character recognition tools. Thus, in addition to doing simple full-text string searches (comparable to what one achieves when doing a search on digital books), it is possible to analyze the linguistic usage of and relationships between terms, how they are used in relation to figures and tables, and to write software applications to extract structured data from many thousands of documents simultaneously.
Another class of "dark data" is the legacy data produced by field geologists who have retired or passed on. These data -including that contained within field books, thin section, notes, maps, sketches of interpretations, etc. -are typically lost to future generations, reflecting a waste of both human and financial resources. For truly important datasets from inactive researchers, current dedicated community members must prioritize the value of the legacy data based on potential scientific impact so it can be translated to a usable form. In the future, if we leverage the capabilities of cybertechnology routinely in our data collection (Fig.  1) , we can capture field data "borndigital" while conducting fieldwork and making observations in real time. Discussions about field-based data systems have revolved around the concept of integrating data collection into the workflow of the scientist. This approach facilitates the preservation of data for future generations.
There are many important differences between the print literature of the past and the value of open data sharing that is the vision for the future ( Table  1 ). The strengths of digital scholarship are gaining international attention, particularly to promote transparency and open science (Alberts et al. 2015; Nosek et al. 2015 ). EarthCube's Geoscience Papers of the Future Initiative has trained hundreds of scientists to publish articles following best practices to use unique identifiers and citations to document data, samples, software, and provenance (Gil 2015) . Additionally, the Coalition on Publishing Data in the Earth and Space Sciences (COPDESS, www.copdess. org) aims to promote common policies and procedures for the publication and citation of data across Earth Science journals.
The expanding information and literature on digital networks, e-infrastructures and technologies, and the uses of big data is vast and overwhelming. However it is clear that open data sharing has important potential benefits that include economics, societal expectations and resources, input to decision making, and education and research innovations. These opportunities necessitate increased interdisciplinary and interagency collaborations. An open source, open data sharing approach will require intense community involvement to ensure common standards, interoperability, data traceability, quality control, preservation and storage, and a host of other data principles being considered by national to international entities spanning all the sciences. As an example, adoption of data principles has been extensively considered by the 101-nation Group on Earth Observations (GEO, www. earthobservations.org). Additionally, countries in the Belmont Forum (www.belmontforum.org) are united in their effort to build international knowledge and support human action and adaption to global environmental change, which requires leadership in e-infrastructure. The Belmont Forum has formally adopted a data policy to implement standardized data management. Despite challenges, open data sharing must and will happen globally.
Planning for the future needs to start happening now. In order for geologists to access America's great databases of the past, present, and future, where would these databases reside? The data repositories need to be stable, long term, accessible, and sustainable. In some cases, we may be able to construct customized software applications to allow our data to go into existing databases. Another alternative might be to examine whether professional organizations could embrace a new role in being the ultimate long-term repository for databases. Professional societies are seeing their roles change as more journals and publications go online and open access policies proliferate. Those societies are thus asking how they can stay relevant. Assisting in the formation of long-term repositories is one potential avenue. There are many positive aspects of engaging and partnering with our professional societies, including the depth of their membership, their national to international reach, and their internal partnerships and affiliations that share field geology as well as geoinformation needs. The role would be akin to our ultimate virtual library of not only journal articles, but also networking the raw geologic databases, and rich metadata. We have already seen what kinds of struggles can occur between scientists generating the data, and privately operated, for-profit journals that own the copyright to the data and images that find their way to print. Funding agencies are interested in helping start initiatives, but need the projects to be sustainable as federal agencies cannot generally commit to long-term funding. While this issue is unresolved, it will take visionary leaders to find long-term sustainable solutions for the future.
ON THE WAY TO MAKING PROGRESS
Three current examples of geological approaches that utilize cyber tools illustrate where our community is today, and how data sharing and cybertechnology can work. These examples show potential ways for our sedimentary community to move forward.
The System of Earth Sample Registration (SESAR)
SESAR (www.geosamples.org) is a sample registry that distributes and catalogs sample metadata and allows users to register IGSNs (International Geo Sample Number). Governed by an international implementation organization (the IGSN e.V.; www. igsn.org), the IGSN is a persistent and globally unique identifier for sites and specimens. Sample types can range from deep sea to ice cores, to rock, mineral, and fossil specimens, to synthetic specimens, to water samples and more. The use of the IGSNs in publications (Hanson 2016) can connect physical samples and sample collections across the Earth sciences with digital data infrastructures, thus improving the discovery, access, sharing, analysis, and curation of physical samples, as well as the data 
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Physical, fixed, static, rigid Virtual, interactive, dynamic, flexible, scalable, iterative associated with them. Additionally, the EarthCube RCN iSamples (Lehnert et al. 2015) gathers together a broad range of stakeholders who use, curate, and access all kinds of samples to define and address the needs and challenges of digital sample management and to develop a set of community-endorsed best practices (e.g., the use of the IGSN) and standards that draw upon existing and emerging efforts both within and outside of EarthCube.
Macrostrat: Leveraging Existing Sedimentary Knowledge for a DataRich Starting Point
Sedimentary geology does yet not have a centralized data repository, but there nonetheless exists a large amount of useful published data and knowledge (of all types and qualities) on the distribution of sediments and sedimentary processes in space and time. Macrostrat's primary purpose is to integrate this existing information (Fig. 2) , including regional geological columns and geologic maps, in order to facilitate the quantitative analyses that are necessary for testing a wide range of hypotheses and for calibrating models of Earth systems (e.g., Peters 2006; Finnegan et al. 2012; Halevy et al. 2012; Peters and Gaines 2012; Peters et al. 2013; Heavens 2015) . Macrostrat currently has a chronostratigraphic inventory of > 33,000 surface and subsurface rock units that are also linked to more than 2.5 million geologic map polygons, tens of thousands of fossil collections (paleobiodb.org), paleocurrent measurements (Brand et al. 2015) , and nearly 200,000 geochemical measurements from the USGS national geochemistry database. Building on Macrostrat's API, another program named Flyover Country (fc.unm.edu) focuses on geological discovery from a plane window and an iOS app called Mancos provides mobile users mobile access to maps, columns, and fossil collections.
In the field, Macrostrat can help by providing broad context and rapid connections to existing knowledge and the literature. A mobile application called Rockd, currently in beta testing, is focused on facilitating the digital archiving of outcropbased descriptions, photos, and measurements that are readily linked (with intuitive user guidance of geographic location-aware data streams) to existing Macrostrat rock units and other entities in the database (e.g., geologic map polygons, stratigraphic nomenclatural hierarchies). The connection between field data and the broader knowledge base will continue to deepen automatically as the field location data improve and as new data accrue in the literature and in Macrostrat. This digital platform can currently accommodate a variety of scientific and educational uses. However, in the future it will be able to integrate other datasets and thereby accelerate application developments focused on acquiring new or differently structured sedimentary data.
The Macrostrat infrastructure is a good starting point only because it already has a wide range of basic data and a programmatic interface for accessing them, but it currently lacks community involvement in the critical processes of curation of existing content and the generation of new field-based data summaries from other geographic regions. Rockd will be individually managed and has tools to facilitate community involvement, but there is a need for even more substantive participation. In particular, engaging regional sedimentary geologists who have gained deep knowledge through extensive fieldwork is critical to the future of Macrostrat or to any other pursuit that aims to archive sedimentary data.
The potential scientific impact and value of community participation in enhancing existing information in Macrostrat and expanding its reach geographically is hard to overstate. No matter how sophisticated or complete a database like Macrostrat becomes, it is never perfect and the work is never done. More importantly, the work of regional geologistsgenerating new age constraints, solving regional structural problems by mapping contact relationships, and refining our understanding of the origin and meaning of the stratigraphic record -must be more completely represented as part of the investigative process itself if any real progress will be made in bringing sedimentary geology to the information age.
Strabo for Structural Geology and Tectonics (SG&T)
The structural geology and tectonics community was, until very recently, in the same situation as the field-based sedimentology community -without any existing data repository. The main reason for this deficiency is that field-based structural geology data are complex, including a wide range of temporal and spatial scales (across multiple orders of magnitude), complex three-dimensional geometries, and the necessity of making temporal inferences from spatial observations. A NSF-funded cyberinfrastructure project focuses on a data system known as Strabo (Walker et al., 2015) . A key breakthrough was the development of the "Spot" concept, which allows tracking of hierarchical and spatial relations between structures at all scales, e.g., linking map scale, field mesoscale, and laboratory scale data. A Spot can be a single measurement, a group of measurements, or a relationship shared between numerous other Spots (e.g., cross-cutting relations). The Strabo data system is platform independent from mobile device to desktop, and can accommodate other digital data types (e.g., ArcGIS) to enable collection and sharing of data from field to laboratory applications.
The SG&T community was invited to engage in the development of Strabo. The community provided input through town-hall meetings and workshops to develop community standards. Upcoming field workshops will test Strabo in three pilot areas designed to illustrate the capabilities of the database. In addition, the Strabo data system will be used during the University of Kansas field camp. This is a critical step to see how the next generation of field geologists will use the system and will provide valuable feedback from a group with extensive experience with mobile devices and applications.
The Strabo effort demonstrates how another community rapidly developed the ability to report data digitally. Strabo is developing both the interface as well as the backend database to serve the community. The database further is service oriented, so any person, group, or other effort can seamlessly interact with Strabo to extract or discover data and content. Further, many of the tools necessary for structural geology are applicable to sedimentology, and the Strabo data system may be able to expand to include sedimentological data. There are significant advantages to having different types of field data included in the same data system, as it encourages valuable integration across multiple subdisciplines.
SUMMARY
The field data we acquire is unambiguously scientifically and societally relevant. As individuals and collectively as a community, sedimentary geologists need to be responsible stewards of the rich data we have generated in the past and that we will continue to generate in the future. If we integrate the goals of merging Earth science and cyberinfrastructure, along with the requisite technical skills to utilize evergrowing digital data resources into our pedagogy, this approach will provide training and will help to open the minds of the present generation of students to new lines of inquiry.
Change is happening very quickly. We must start getting our field data into digital repositories because we cannot afford to have our data overlooked or ignored. Our professional societies are positioned to provide a foundation and possibly a repository for geologic databases. More importantly, all of our field data have the potential to contribute to many questions, including those that are often much bigger than we originally set out to address. For example, consider how much less we would know about the history of biodiversity, the severity of global mass extinctions, or the biological impacts of global climate change if paleobiologists had never constructed Neotoma or the Paleobiology Database. What outstanding questions are we failing to be address because sedimentary geology lacks such integrative database efforts? There is always inertia to overcome when attempting to modify our scientific workflows, but it can easily become second nature, in the same way we have embraced GPS coordinates over an old survey system of township and range. We need sedimentary leaders to initiate conversations, workshops, and proposals to get our community on the right track to digital integration. While the work ahead can seem daunting and intimidating, potential collaborations and outcomes for the next generation promise to be very rewarding.
